The embryos of seed plants develop with an apical shoot pole and a basal root pole. In Arabidopsis, the topless-1 (tpl-1) mutation transforms the shoot pole into a second root pole. Here, we show that TPL resembles known transcriptional corepressors and that tpl-1 acts as a dominant negative mutation for multiple TPL-related proteins. Mutations in the putative coactivator HISTONE ACETYLTRANSFERASE GNAT SUPERFAMILY1 suppress the tpl-1 phenotype. Mutations in HISTONE DEACETYLASE19, a putative corepressor, increase the penetrance of tpl-1 and display similar apical defects. These data point to a transcriptional repression mechanism that prevents root formation in the shoot pole during Arabidopsis embryogenesis.
The embryos of seed plants develop with an apical shoot pole and a basal root pole. In Arabidopsis, the topless-1 (tpl-1) mutation transforms the shoot pole into a second root pole. Here, we show that TPL resembles known transcriptional corepressors and that tpl-1 acts as a dominant negative mutation for multiple TPL-related proteins. Mutations in the putative coactivator HISTONE ACETYLTRANSFERASE GNAT SUPERFAMILY1 suppress the tpl-1 phenotype. Mutations in HISTONE DEACETYLASE19, a putative corepressor, increase the penetrance of tpl-1 and display similar apical defects. These data point to a transcriptional repression mechanism that prevents root formation in the shoot pole during Arabidopsis embryogenesis.
T he apical/basal axis of Arabidopsis embryos is established during the first cell division of the zygote, and auxin accumulation and response have been shown to be important for early steps in axis establishment (1) (2) (3) (4) (5) . As the embryo matures, specific cell types become apparent, and a clear shoot/root axis is visible at the transition stage of development (6, 7) . Although several mutants have been isolated that affect the formation of specific patterning elements of the shoot at the transition stage of embryogenesis, only topless-1 (tpl-1) so far switches the identity of the shoot into that of a root (8) (9) (10) (11) . It is therefore likely that TPL is acting at a different level of control than those factors that have previously been isolated.
tpl-1 mutants are temperature sensitive and at the restrictive temperature (29-C) transform the embryonic shoot pole into a second root pole that gives rise to a double-root seedling (11) (Fig. 1,  A and B) . At lower temperatures, tpl-1embryos fail to form a shoot apical meristem and show varying degrees of cotyledon fusion (Fig. 1, C to E). We view these phenotypes as a result of partial apical-to-basal transformation during embryogenesis (11) (fig. S1 ). Previous work has shown that transition-stage tpl-1 embryos lack or have reduced expression of genes associated with the apical half of the embryo, whereas the expression patterns of genes associated with the basal half of the embryo are expanded into the apical half and are ultimately duplicated. Pre-transition stage tpl-1 embryos are morphologically indistinguishable from those of the wild type.
To examine the molecular organization of the apical half of tpl-1 pre-transition stage embryos, we performed in situ hybridizations with the transcription factor WUSCHEL (WUS) (10) . WUS is initially expressed in a small group of cells in the apical half of 16-cell-stage embryos. WUS mRNA accumulated normally in tpl-1 globular-stage embryos, but was absent in transition-stage embryos at 29-C (Fig. 1, F to H). This indicates that early tpl-1 embryos have established an apical axis with the correct organization, but this fate is lost or masked at the transition stage.
tpl-1 was mapped to bacterial artificial chromosome F7H2 on chromosome 1 using polymerase chain reaction-based markers (11) . We found two base-pair substitutions in At1g15750 (12) that cosegregated with the tpl-1 phenotype and result in a change of a lysine (K) to a methionine (M) at amino acid 92 and an asparagine (N) to a histidine (H) at amino acid 176 of the predicted protein (13) . Concurrently, we conducted a high-temperature ethylmethane sulfonate suppressor screen in the tpl-1 background and found five semidominant suppressors that mapped to the original TPL locus. We sequenced At1g15750 from these lines and found that each harbored a second site mutation that is 1 Fig. 2A) . That second site mutations in the tpl-1 mutant gene suppress the tpl-1 phenotype indicates that tpl-1 is a gain-of-function allele. The semidominant nature of these loss-offunction alleles also implies a dosage requirement for the tpl-1 protein.
TPL is predicted to encode an 1131-amino acid protein containing 11 WD40 repeats at the C terminus ( Fig. 2A) . At the N terminus, TPL has predicted lissencephaly type 1-like homology (LisH) and C-terminal to LisH (CTLH) domains that are thought to be important either for self-dimerization or for other protein-protein interactions (14) . TPL also contains a 100-amino acid region rich in prolines (24 out of 100 amino acids). A similar domain organization is found in the TUP1/GROUCHO and LEUNIG family of transcriptional corepressors, although there is little sequence identity between TPL and these proteins (15, 16) . Four other predicted proteins in Arabidopsis share extensive amino acid similarity with TPL and have been named TOPLESS-RELATED (TPR) ( fig. S2 ).
In situ hybridization experiments revealed that TPL mRNA accumulates in all cells of the embryo as well as in extra-embryonic tissues (Fig. 2 , B and C). TPL mRNA accumulates to higher levels in the embryo proper during early embryogenesis and in the developing vasculature in later stages. A TPL-GREEN FLUORES-CENT PROTEIN (GFP) translational fusion under the control of 4.1 kb of upstream genomic sequences rescued the tpl-1 phenotype when homozygous and localized to the nuclei of all cells in transgenic plants (Fig. 2D ). This again indicates a dosage dependence for the tpl-1 protein and suggests that the wild-type version of the protein can outcompete the mutant form.
To determine if both of the amino acid changes found in the original tpl-1 allele were necessary for the tpl-1 phenotype, we transformed a tpl transfer DNA (T-DNA) insertion line (tpl-8) with TPL-GFP fusion proteins containing either both mutations (tpl-1), only the K92M mutation, or only the N176H mutation (17) . The tpl-1 phenotype was observed in plants carrying either the tpl-1 transgene or the N176H transgene (16 and 15 lines, respectively). However, we did not observe any tpl phenotypes in 29 independent lines transformed with the K92M construct despite nuclear GFP accumulation comparable to that of lines with a tpl-1 phenotype. Therefore, the N176H mutation is necessary and sufficient to cause the tpl-1 phenotype.
tpl loss-of-function alleles display no obvious phenotype when grown at the restrictive temperature (Fig. 2E ). We therefore hypothesized that TPL may act redundantly with the other TPR proteins. We generated tpl-2; tpr1; tpr3; tpr4 quadruple mutant lines and transformed them with a TPR2 RNA interference (RNAi) transgene. We obtained five stable transgenic lines that displayed the original tpl-1 phenotypes (Fig.  2F ). This indicates that tpl-1 acts as a type of dominant negative allele for multiple TPR family members.
In the high-temperature suppressor screen, we also isolated two alleles of a recessive extragenic suppressor of tpl-1 designated big top (bgt). At 24-C, the progeny of plants homozygous for tpl-1 and heterozygous for bgt-1 segregated 24.1% wild-type seedlings (Fig. 3B ) (n 0 513). This same combination with bgt-2 yielded 19.3% wild-type seedlings (n 0 1746). We therefore characterized bgt-1 in more detail. Morphologically, tpl-1; bgt-1 embryos form cotyledons at the transition stage of embryogenesis, although they appear slightly stunted at later stages as compared to wild-type embryos (Fig. 3, C and D) . To examine the apical pattern of tpl-1; bgt-1 embryos, we examined the expression of WUS in these double mutants at 29-C. At all stages tested, tpl-1;bgt-1 embryos maintained the expression of WUS in the appropriate number of cells, indicating that the top half of these embryos had not lost their apical identity (Fig. 3, E to G) .
We mapped the bgt-1 mutation and found that it was tightly linked to marker TSA1 on chromosome 2 (0 recombinants out of 606 chromosomes). This genomic region contains the Arabidopsis homolog of the histone acetyltransferase GCN5 (HAG1) (also known as atGCN5) (18, 19) . In other eukaryotes, GCN5 is recruited to specific promoters by DNA binding transcription factors and is thought to promote transcription by acetylating the N-terminal tail of histone H3 (20) . Sequencing revealed that both bgt-1 and bgt-2 carried lesions in HAG1 (Fig. 3A) . We therefore renamed these alleles hag1-3 and hag1-4. T-DNA insertions in the tenth intron (hag1-5) and in the first intron (hag1-6) also suppressed tpl-1 (Fig. 3A) . All four hag alleles have no obvious embryonic phenotypes, although postembryonically they display pleiotropic phenotypes similar to that of a previously described allele (18) . A translational fusion of a 4.3-kb HAG1 genomic clone to GFP rescued the hag1-3 mutant, and the protein was found in the nuclei of all cells examined (Fig. 3H) . The observation that a mutation in a coactivator suppresses the tpl-1 phenotype is consistent with TPL acting as a corepressor.
In eukaryotes, transcription from many promoters can be repressed through the activity of histone deacetylases. The RPD3 family of histone deacetylases can act as transcriptional corepressors, and in Drosophila, Groucho and an RPD3-like protein work together to specify anterior/posterior polarity (21) . The Arabidopsis genome contains four class 1 RPD3-like proteins EHistone Deacetylase (HDA) 6, 7, 9, and 19 ( 22) . In a screen for mutants that affect floral organ identity, a T-DNA allele of HDA19 (hda19-1) (also known as atHD1 and RPD3a) was isolated that displays floral phenotypes similar to those of tpl-1 (23) (24) (25) . A second T-DNA allele (hda19-2) was isolated from the Wisconsin Arabidopsis Knockout facility and found to show similar phenotypes (Fig. 4A) . We therefore examined the role and expression of HDA19 more closely during embryogenesis.
HDA19, like TPL and HAG1, is broadly expressed throughout embryogenesis, and a GFP fusion protein localizes to the nuclei of all embryonic cells (Fig. 4, B and C) . Phenotypically, both hda19-1and hda19-2 seedlings when grown at 24-C have narrow cotyledons as compared to those of the wild type (Fig. 4D) . However, when mutants homozygous for either allele were grown at 29-C, mutant seedlings displayed several tpl-1-like phenotypes, including monocots, tubes, and pins, indicating that these hda19 alleles are temperature sensitive (Fig. 4E) . These phenotypes were seen in 32% TPL is predicted to have a LisH (blue circle) and CLISH (green hexagon) domain at the N terminus, a 100-amino acid proline-rich domain (yellow box), and 11 WD40 repeats (red boxes). The tpl-1 phenotype is caused by a substitution of an asparagine at amino acid 176 with a histidine. tpl-2 and tpl-3 are splice acceptor site mutations, and tpl-4 is a splice donor mutation. tpl-5 is caused by a substitution of a serine at amino acid 578 with a phenylalanine in the sixth WD40 repeat, and tpl-6 is caused by a change of a glutamine at amino acid 991 to a stop codon (CAA to TAA). of hda19-1 seedlings (n 0 397) and 28% of hda19-2 seedlings (n 0 330). A morphological analysis of hda19-1 embryos at 29-C showed that both the root and the shoot can be disorganized (Fig. 4F) , indicating that HDA19 may play a broader role in embryogenesis than TPL.
We then examined the progeny of hda19-1 j/j ; tpl-1 þ/j plants grown at 24-C, a temperature at which tpl-1 segregates as a recessive (11) . We found that 45% of the resulting seedlings showed cotyledon fusion defects (n 0 804) instead of the expected 25%, indicating that HDA19 may act on some of the same target genes as TPL during embryogenesis. In agreement with this hypothesis, we identified tpl-1; hda19-1; hag1-3 triple-mutant seedlings from plants grown at 24-C, as well as 29-C, and found that they displayed two narrow cotyledons like the hda19-1 single mutant (Fig. 4G) . Therefore, hag1-3 mutants can suppress tpl-1 mutant phenotypes even in the absence of functional HDA19.
Recent work on embryonic polarity in Arabidopsis has focused on auxin transport and the first embryonic cell divisions in establishing the apical/basal axis (4, 26) . Our studies have uncovered a set of proteins involved in a new step in axis formation, during the transition stage of embryogenesis, when shoot fate becomes fixed and distinct from root fate. We propose that at the transition stage of embryogenesis, TPL and other TPR proteins are necessary to repress the expression of root-promoting genes in the top half of the embryo to allow proper differentiation of the shoot pole. A histone deacetylase, HDA19, works in conjunction with TPL during this process, although it appears to have TPL-independent roles as well (27) . HAG1 is necessary for the complete transformation of the apical half into a root, likely by activating the transcription of derepressed root-specific genes in the apical half of the embryo. However, HAG1 is dispensable for the formation of the basal Btrue[ root. Conceptually, these two steps of polarity determination are similar to what has been reported in the brown alga Fucus, where axis formation and fixation are temporally distinct (28) . In Arabidopsis, we propose that the axis formation step occurs during the first cell divisions of the embryo and likely relies on polar auxin distribution (4). Only later, at the transition stage of embryogenesis, does the axis become fixed, at which time the plant requires a chromatin-mediated transcriptional repression system for axis stabilization. Transport of metabolites across the mitochondrial inner membrane is highly selective, thereby maintaining the electrochemical proton gradient that functions as the main driving force for cellular adenosine triphosphate synthesis. Mitochondria import many preproteins via the presequence translocase of the inner membrane. However, the reconstituted Tim23 protein constitutes a pore remaining mainly in its open form, a state that would be deleterious in organello. We found that the intermembrane space domain of Tim50 induced the Tim23 channel to close. Presequences overcame this effect and activated the channel for translocation. Thus, the hydrophilic cis domain of Tim50 maintains the permeability barrier of mitochondria by closing the translocation pore in a presequence-regulated manner.
M ost mitochondrial proteins are synthesized as preproteins in the cytosol and must be imported across outer and inner mitochondrial membranes (1-6). The mitochondrial inner membrane generates and maintains a proton-motive force that is crucial to drive the F o F 1 -ATP synthase, which is the major machine for cellular adenosine triphosphate (ATP) synthesis (7, 8) . How can the permeability barrier of the inner membrane for small ions such as protons be maintained while large hydrophilic channels for the passage of polypeptide chains exist?
The presequence translocase of the inner membrane (TIM23 complex) translocates hundreds of different preproteins into the matrix. The TIM23 complex contains the pore-forming protein Tim23 and three additional membrane proteins, Tim17, Tim21, and Tim50. Tim23 consists of a membraneembedded domain, containing the large translocation channel, and a domain in the intermembrane space (IMS) that recognizes the N-terminal presequences of preproteins (4, 6, (9) (10) (11) (12) . Tim50 and Tim21 each consist of a single transmembrane segment and a large IMS domain, which interact with preproteins and with the translocase of the outer membrane, respectively (13) (14) (15) (16) (17) . Tim17 is largely embedded in the inner membrane and promotes cooperation of the presequence translocase with the associated import motor (PAM complex) (13) . PAM is a multisubunit machinery on the matrix side of the inner membrane with the matrix heat shock protein 70 (Ssc1) as the central ATP-consuming subunit. How the presequence channel is regulated to permit translocation of preproteins but prevent leakage of small ions is unknown.
To understand the regulation of the Tim23 channel, we took a combinatorial in vitro and in organello approach. When purified Tim23 was reconstituted into liposomes and subjected to electrophysiological analysis in a planar lipid bilayer system, a cationpreferring channel with the reported characteristics of the presequence channel of the mitochondrial inner membrane was observed; however, the pore remained mainly in an open state (Fig. 1A) (3, 10) . The Tim23 channel did not display an intrinsic activity that forced fast channel closure. In organello, an open 450-pS channel, present in about 300 copies per isolated mitochondrion (18, 19) , would seriously compromise the permeability barrier and the bioenergetic activity of the inner membrane. We thus asked whether additional components associated with Tim23 might play a role in regulating channel closure by comparing the membrane potential (Dy) of yeast mutant mitochondria.
The presequence translocase exists in two forms. One form (TIM23 SORT ) contains Tim23, Tim17, Tim50, and Tim21 and can direct preproteins into the inner membrane. The second form transports preproteins into the mitochondrial matrix and is associated with the motor PAM but lacks Tim21 (fig. S1A) (13, 20) . We assessed the Dy values of mitochondria isolated from different tim and pam mutants with the use of the potential-sensitive fluorescent dye 3,3 ¶-dipropylthiadicarbocyanine iodide EDiSC 3 (5)( 21) (Fig. 1, B to D) . tim17 and tim21 mutant mitochondria displayed Dy values comparable to that of wild-type mitochondria (13), whereas tim50 mutant mitochondria (14) showed a severe reduction of Dy (Fig. 1, B  and D) . In the translocon of the endoplasmic reticulum, the luminal Hsp70 (BiP) and a DnaJ protein are involved in regulation of the Sec61 channel (22, 23) . Because PAM contains the Hsp70 Ssc1 and an associated DnaJ protein (Pam18), we asked whether the Dy across the inner membrane was affected in mitochondria containing mutant versions of PAM subunits. However, neither ssc1, nor pam18, nor tim44 mutant mitochondria (21, 24-28) exhibited a significant reduction in Dy relative to wild-type mitochondria (Fig.  1, C and D) , consistent with the observation that only two components, Tim50 and Tim17, are associated with Tim23 in both forms of the presequence translocase (13) . Because the Tim23 channel is active in both forms, a factor that regulates channel closure should be present in either form. We conclude that functional Tim50 is required to maintain the Dy in intact mitochondria.
The IMS domain of Tim50 interacts with the IMS domain of Tim23 (14) (15) (16) 
